ABSTLRCr We have examined the interaction of the estradiol receptor molecule with chromatin in MCF-7 cells, a human breast tumor cell line responsive to estradiol. Receptor was found associated with the various nucleosomal products poduced by digestion with micrococcal nuclease. In order to termine whee these reeptor binding sites were distributed in a random or nonrandom manner within the chromatin, we have fractionated indicated that receptor binding to MCF-7 cell chromatin was not random but, rather, occurred preferentially in specific regions of the chromatin.
ABSTLRCr We have examined the interaction of the estradiol receptor molecule with chromatin in MCF-7 cells, a human breast tumor cell line responsive to estradiol. Receptor was found associated with the various nucleosomal products poduced by digestion with micrococcal nuclease. In order to termine whee these reeptor binding sites were distributed in a random or nonrandom manner within the chromatin, we have fractionated MCF-7 cell chromatin into transcriptionally active and inactive fractions by limited micrococcal nuclease digestion followed by Mg+ precipitation. A comparison of the Mg2+-soluble and insoluble chromatin fractions showed that the Mg2+-soluble fraction: (i) was composed predominantly of mononucleosomes; (it) was enriched in nhistoe proteins; (iii) apparently lacked histone HI; (iv) was enriched approximately 5 -fold in transcribed sequences as measured by a cDNA probe to cytoplasmic poly(A)-RNA sequences; and (v) was deplted at least 5-fold of globin sequences, which is presumably a nontranscribed gene in these cells. When these cells were stimulated with {3Hetradiol, the Mg+-soluble fraction showed a significant enrichment in chromatinbomd estradiol receptor: the Mg2+-soluble mononucleosomes showed a 3-to 4-fold enrichment and the di-and trinucleosomes, a 7-to 19-fold enrichment, when comred to the ceding subunits in the Mg+-insoluble comatin fraction This cofractionation of chromatin enriched in transcribed seque s and b d eshadiol receptor indicated that receptor binding to MCF-7 cell chromatin was not random but, rather, occurred preferentially in specific regions of the chromatin.
The site of action of steroid hormone-receptor complexes in nuclei of hormone target cells is unknown. It is generally postulated that once a steroid hormone enters such cells it binds to a cytoplasmic receptor protein (1) , leading to activation of the complex (2) and its transport to the nucleus, where it exerts its control on gene expression (3) . Various types of nuclear acceptor sites for the estradiol receptor have been proposed; they include DNA (4) , chromatin (5) , ribonucleoprotein complexes (6), nuclear matrix (7) , and the nuclear membrane (8) . Whatever the nature of these acceptor sites might be, their apparent abundance (9, 10) has led to the suggestion that they are mainly nonspecific (11) . Were that correct, the detection of specific biologically functional sites would be extremely difficult (12) .
Recently, we have shown that a large fraction of the nuclear estradiol receptor complex of rat uterus (13) Nuclear Isolation and Nuclease Digestion. All procedures were performed at ice/water temperature, and all glassware was siliconized. MCF-7 cell monolayers were collected by scraping into phosphate-buffered saline and resuspended in cell lysis buffer (10 mM Tris-HCl, pH 7.4/25 mM NaCI/5 mM MgCI2/10 mM monothioglycerol/0.5% Nonidet P40/0.1 mM phenylmethylsulfonyl fluoride or kallikrein inactivator at 20 units/ml). The suspension was mixed frequently with a Vortex mixer and after 10 min was centrifuged at 250 X g for 10 min.
The crude nuclear pellet was resuspended in the cell lysis buffer two more times and then washed an additional two times in nuclear wash buffer (10 mM Tris-HCI, pH 7.4/25 mM NaCI/3 mM MgCl2/10 mM monothioglycerol/0.1 mM phenylmethylsulfonyl fluoride or kallikrein inactivator at 20 units/ml). The final nuclear pellet was resuspended in this buffer at 20 A260 units/ml, CaCl2 was added to 1 mM, and the nuclei were digested with micrococcal nuclease (Worthington).
Sucrose Gradient Centrifugation. Samples (0.4 ml) were layered onto 5-20%o (wt/vol) sucrose gradients (10 mM Tris-HCI, pH 7.4/1 mM EDTA/10 mM NaCl) and centrifuged at 2"C in a Beckman SW41 rotor. DNA Isolation. DNA was extracted from whole chromatin or chromatin fractions (see Fig. 1 passed over Chelex 100. The A2wj/A2so ratios were between 1.9 and 2.0.
Cytoplasmic Poly(A)RNA Isolation. Total MCF-7 cell cytoplasmic RNA was isolated by a procedure described by T. Dolby (personal communication). Cells were resuspended in 50 mM Tris-HCl, pH 7.4/50 mM NaCl/5 mM MgCl2/0.25 M sucrose/10 mM mercaptoethanol/0.5% Nonidet P40, incubated on ice for 10 min, and centrifuged at 300 X g for 5 min. This procedure was repeated on the crude nuclear pellet and the supernatants were combined and centrifuged at 15,000 X g for 15 min. The supernatant was brought to 330 Ag of heparin per ml/1% NaDodSO4/0.2 M NaCl/1.5 mM EDTA, extracted with phenol/chloroform/isoamyl alcohol (50:50:1) at room temperature, and precipitated with 2 vol of ethanol overnight at -20°C. The poly(A)-containing RNA fraction was isolated by using oligo(dT)-cellulose (P-L Biochemicals) chromatography as described by Aviv and Leder (20) . The A260/A28o ratio was greater than 2.0.
cDNA Synthesis. A [3H]cDNA probe for MCF-7 cell cytoplasmic poly(A)-RNA sequences was prepared according to a modification of the procedure described by Friedman and Rosbash (21 at 50 ,g/ml. Incubation was at 4-30C for 2 hr. The material excluded from Sephadex G-50 was hydrolyzed in 0.3 M NaOH at 100°C for 5 min, neutralized, and precipitated by ethanol in the presence of yeast tRNA (Sigma). cDNA specific activity was 5.9 X 106 cpm/,ug of DNA. The cDNA probe had an average length of 500 nucleotides.
Si Nuclease Digestion. S1 digestions were performed according to a modification of the procedure described by Weigand et al. (22) . Each hybridization sample was incubated in 30 mM sodium acetate, pH 5.0/0.2 M NaCl/1 mM ZnCl2/calf thymus DNA at 10 ,g/ml, with and without 10 units of S1 nuclease (Sigma) per ,g of DNA at 370C for 1 hr. Hybrid formation was assayed as the percent Sl-resistant trichloroacetic acid-precipitable radioactive material.
RESULTS
Chromatin Fractionation. The chromatin fractionation procedure that we used was a modification of the procedures described by Gottesfeld et al. (14) and Bloom and Anderson (16) . All steps, including the nuclease digestion, were done at ice/water temperature to inhibit dissociation of hormone from receptor and hormone-receptor complexes from nuclear sites. Fig. 3 . P2 nucleosomes contained mainly core histones, H1, and a few unidentified polypeptides. On the other hand, S2 nucleosomes showed a significantly higher ratio of nonhistone to histone protein. The S2 dinucleosomes showed the greatest enrichment for nonhistone protein. H1 appeared to be absent, or at least greatly depleted, in the S2 mononucleosomes and dinucleosomes; however, the low yield of S2 dinucleosomes made analysis of these particles difficult.
That the S2 and P2 fractions contained distinct classes of chromatin was confirmed by assaying their transcribed DNA sequence content. A cDNA probe prepared from MCF-7 cytoplasmic poly(A)-RNA was hybridized with an excess of total DNA or DNA extracted from the P1, S2, or P2 fractions. The resultant hybridization curves, shown in Fig. 4 , indicated that the P1 and total DNA samples were virtually identical in their transcribed sequence content. However, the enrichment in transcribed sequence content of S2 DNA over P2 DNA, in several DNA and cDNA preparations, was reproducibly found to be approximately 5-fold.
When a 32P-labeled cDNA probe prepared from human a and ,B globin mRNA was used in similar hybridization analyses, the C0t1/2 with P2 DNA was approximately 2000, but it was greater than 10,000 with S2 DNA (data not shown). Thus, the S2 DNA was enriched in transcribed sequences and depleted of at least one presumably nontranscribed sequence, whereas the P2 DNA showed the opposite properties.
Distribution of Chromatin-Bound Receptor. In order to distinguish estradiol receptor binding to chromatin from other possible nuclear binding sites, we measured the total radioactivity of f3-[3H]estradiol associated with nucleosomes of the S2 and P2 fractions. MCF-7 cells were incubated with labeled estradiol for 1 hr at 37°C, and their nuclei were isolated, digested, and fractionated as described in Fig. 1 . The results are shown in Fig. 5 . In both fractions, /-[3H]estradiol was associated with the nucleosome absorbance peaks. As had previously been seen in a total digest of rat uterine nuclei (13) , the estradiol radioactivities were displaced relative to each absorbance peak, consistent with the addition of hormone-receptor complexes Biochemistry: Scott (13) , and a similar component was produced when nuclei from flI-[3Hestradiol-stimulated MCF-7 cells were digested with DNase II (unpublished results).
As shown in Fig. 5 , the S2 nucleosomes were significantly enriched in bound estradiol when compared to the P2 nucleosomes. Measurement of the radioactivity associated with each of the absorbxnce peaks indicated that the S2 mononucleomes Table 1 . The specific activities of the S2 mononuceomes were 3-4 times greater than those of the P2 mononucleosomes, whereas the specific activities of the S2 dinuleosomes were as much as 19 times greater than those of the P2 dinucleosomes. Also, S2 monomers had lower specific activities than S2 dimers, whereas P2 monomers had higher specific activities than P2 dimers. These results showed that limited digestion of MCF-7 cell nuclei with micrococcal nuclease preferentially released Mg2+-soluble nucleosomes that were enriched in bound estradiol. The SO fraction has been reported by Bloom (25, 26) or using NaCI rather than MgCI2 to precipitate the inactive fraction (27) . In addition, we found that our active fraction was depleted more than 5-fold of a sequence that apparently is not transcribed in these cells.
By assaying directly for chromatin association and using conditions that should minimize receptor migration (digestion at 2cC, low salt), we found that the Mg2e-soluble, transcriptionally active fraction was also 3-to 19-fold enriched in chromatin-bound estradiol receptor. Furthermore, 40% of the total nuclear estradiol receptor could be recovered in this fraction, which contained less than 10% of the DNA. This cofractionation of chromatin enriched in transcribed sequences Interestingly, the S2 di-and trinucleosomes had significantly higher specific activities of [3H]estradiol per unit DNA than the S2 mononucleosomes; the P2 di-and trinucleosomes had lower specific activities than the P2 mononucleosomes. Furthermore, it was the di-and trinucleosomes of the S2 and P2 fractions that showed the most striking differences in specific activity. These observations might be accounted for as follows. The S2 and P2 mononucleosomes may have been cross-contaminated to a much greater extent than the oligonucleosomes, thereby artifactually lowering the specific activity of the S2 mononucleosomes later in digestion and raising the specific activity of the P2 mononucleosomes early in digestion (see also ref. 29 ). In addition, and more interesting, the di-and trinucleosomes of the S1 fraction may have bound additional estradiol receptor in the linker region between nucleosomes-at sites apparently not present or accessible on the P2 oligonucleosome linker regions. Binding at these sites not only would have raised the specific activity of the S2 di-and trinucleosomes but would have generated a local region of chromatin rich in receptor, much like that predicted in the hypothesis of Yamamoto and Alberts (12) .
Several attempts to examine the chromosomal distribution of steroid hormone receptors have been reported previously. Studies in which mechanical shear had been used to fractionate chromatin (30, 31) are difficult to interpret because shear forces have been shown to disrupt native chromatin structure (32) . In studies using nuclease digestion, preferential binding of the estradiol receptor in presumed transcriptionally active chromatin has been reported in the hen oviduct (33) 
